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GENERATION OF SHORT DURATION PULSES IN LINEAR MHD GENERATORS

Malcolm S. Jones, Jr. ,, Charles N. McKinnon If Vernon H. Blackman

MHD Research, Inc.'

Newport Beach, California ,

1. Introduction

One of the most interesting aopects of Extensive experimental and theoretical work
MHD power conversion is the potential for ob- has been performed on the explosive driven MHD
taining high power densities in the energy con- 3enerator concept to determine the basic physical
version section. For example, in experiments processes occurring in the generator and to ob-
with a s.-nall size, explosive driven MHD tain the data necessary to scale the resultp to
generator, reporf5 d in this paper, power densities larger sized units with usable outputs. These in-
as high as 2 x 10 watts per cubic meter have vestigations have covered: (1) the choice of ex-
been obtained. This potential offers many possi- plosive and explosive geometry, (Z) the choice of
bilities for an MiHD generator, which would be pressure and composition of gases initially in the
relatively small in size - light in weight per unit channel, (3) the. selection of the optimum load and
output, as a source of pulsed electric power, or its proper placement across the electrodes, and
more desc:iptively, pulsed electric energy. (4) the effect of electrode geometry, magnetic

field intensity, and the channel aspect ratio upon

Preliminary results obtained with the ex- power output. The velocity, pressure, and con-
plosive driven MNHD generator were presented in ductivity of the detonation products was also
Reference 1. The present paper gives additional determined.
data -n these experiments and presents data
from a series of experiments conducted in two From these studies it has been determined
different size channels under a variety of initial that highly conductive detonation products with a
conditions. These results are compared with measured conductivity about 1100 mho/meter,
various theoretical models, are produced by seeding condenoed explosives

with a low ionization potential material such as
The peak power which has been generated cesium picrate. In the pulsed generator, the

by this technique is 23 MW (Reference 2). This seeded detonation products pass at high velocity
output was evidenced as an output current of 30 (i0 km/sec) through an MHD channel which has a 2
kA into a 25. 8 milliohm resistive load to pro- transverse magnetic field of up to 2. 35 webers/m
duce a terminal voltage of 770 volts. The MHD so that the maximum induced voltage, u'x B, is of
channel used in these experiments was I inch by the order of ZOO volts/cm. The current is ex-
4 inches in cross section with electrodes 18 inches tracted by means of copper electrodes in contact
long. The pulse length was 60 psec. Thq trans- with the detonation products and conducted to an
verse magnetic field was 2. 35 webers/m'. The externa' load. The detonation products are slowed
total electrical energy delivered to the load in as kinetic energy is converted to electrical energy
this case was 750 joules. The driving energy and removed from the system.
was derived from the detonation of 15 gis of
RDX explosive in shaped charge geometry seeded On the basis of the experimental data pre-
on the front surface with 0.4 gis of cesium sented herein it is now possible to predict the
picrate. The conversion efficiency, chemical to characteristics of explosive driven MHD gener-
electrical was 1%. Higher efficiencies can be ators with a fair degree of accuracy to meet a
readily obtained by using stronger magnetic specified pulse requirement withi. ,he applicable
fields and a longer generator, The time scale of time range.
the power pulse in the present experiments varied
between 5 and 100 psec depending upon the length 2. Theory
of electrr des in the generator and the density of
gas "nitially in the generator channel. Pulse The generation of pulsed power by MHD
lengths of between I and 200 ltsec would be means from condeneed explosives is a direct out-
characteristic of practical systems based on the grov.th of steady state experimentation and follows
explo-ive driven MHD converter technique. a somewhat parallel theoretical development. It
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is instruciive to recall that tf v.Iectric power In the explo~sive driven generator the

generated in an MHD generator feeding a velocities are 10 4 m/sec, and the conductivity is

resistive load is given by the relation 10 mho/meter. Therefore, in a laboratory scale

P = 12 RL = uBdI - 1. (1) experiment with L = 0.04 meters,

"here R M = 4t7 x 10-7 x 103 x 104 x 4 x 10-2 = 0.5.

where

We must therefore conclude that, in laboratory

P = power in watts, devices which are driven by condensed explosives,
Equation (3) must be modified to some extent

u = velocity in meters per second, since ReM is not much smaller than one. If large

B = magnetic field in webers devices are considered, i.e., L 1 meter, then

per meteiý2 , ReM > 10.

RL = load resistance, ohms, Equation (3) is definitely no longer valid, and the
large Reynolds number expression must be used

R. = generator internal resistance, for power density. In Reference 3, this condition
' ohms, and is shown to be given in the limiting case by the

d electrode separation, meters. relationZ p = 2 au,(6)

The generator internal resistance R. is where A = bd is the cross sectional area of the.

d channel. For Re.M - 1 the power density will be
R =- (2) between that given in Equations (3) and (6).

where i Equation (6) arises from the fact that when
a = plasma conductivity, mho/m, Re M 1, the currents induced in the plasma con-

ductor give rise to a magnetic field. This field is
b channel width, meters, equal -n magnitude to the iritial field ahead of the

=length of conductive region in moving conductor and in a direction such that the
axale directionctivere n n field value is doubled ahead of the conductor while
axial direction, meters. the field behind the current sheet drops to zero.

The maximum power is delivered to the Thus, the braking pressure given by

load when R. = RL. It can be shown that in the ljxB)dz
low magnetic Reynolds number approximation, z
the maximum power output per unit volume is (where z is along the direction of motion) becomes
given as P auB2 2B2

ia-ba- -"~-"-- " (3) p = -- _-

For the high pressures in thc detonation Therefore, the rate at which work is done is
productflow, the hegpestro en fee doathion given by the product of this braking pressure and

product flow, the electron mean free path is the rate at which volume is swept up, which is
small compared to the Larmor radius and there- expressed as Equation (6).
fore the Hall effect can be neglected.

It is interesting to notice that the power
Equation (3) implies that the magnetic production for the case of RL » 1 is independent

Reynolds number is small and the current can of a and only depends on u to -e first power.
increase without limit. However, at high Thus, in large scale, pulse power devices it will
magnetic Reynolds numbers where the magnetic not improve power output markedly to increase a
Reynolds number is given as much beyond the point where Rem, 3-4. It then

becomes more important to maximize the velocity
M= auL, (4) with which the conducting slug moves against the

where field, and to maximize the magnetic field. The

S= permeability, removal of electrical energy from the system will,
of course, slow down the detonation products.

S= conductivity, This effect has been experimentally observed.
u = velocity, andu = eloityand3. Experimental Apparatus

L = chxaracteristic dimension
which arises from the The experimental apparatus used for the
solution of Maxwells equations, experiments consists of five basic parts as shown

in the schematic in k'igure 1. These are: (1) ex-
there is a maximum current which can be induced plosion chamber or driver section; (2) the MHD
in the plasma. This current can be expressed as channel or test section; (3) diagnostic instru-

mentation; (4) electromagnet, and (5) evacuated

I max= A , (5) dump tube and tank. Figure 2 is a photograph of
0o the complete facility; Figure 3 is an "exploded

view" of the 1 inch by 4 inch generator. The
which would occur when driving low impedance explosive driver, the black object 1n Figure 3
loads. . just below the explosion chamber, is a 7. 5 gram,

.7
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commercial shaped charge jet perforator. The In the power generation experiments, the
explosive in the jet perforator is generally a primary emphasis was placed upon the measure-
waxed RDX (cyclo-trimethylene-trinitramine) ment of the voltage and current in the external
composition. The copper liner of the perforator load. Because of inductive effects, the voltage
is removed prior to firing the charge. Firing drop V across the external load is the sum of
is initiated by an electric blasting cap which sets the ohmic drop and an inductive drop, i.e.,
off the explosive primacord. The primacord dI
serves as an explosive train to carry the V = IRI+ L L-C, (7)
detonation to the booster at the base of the RDX where I is the current, RLiS the load resistance,
charge. The explosive is seeded with a low L the load inductance, and lIidt is the time rate
ionization potential compound (cesium picrate) of change of the current. Therefore, during the
in a fashion which is described in a subsequent early part of the pulse when the current is rising,
section. The charge (or charges) is held in
place in the explosion chamber by a polystyrene the voltage drop is greater than IRL,tand cortesspacer which provides standoff of the condensed pondingly when the current is falling the voltage
space from the metal walls, drop will be less. Therefore, it is not possible
explosive fto determine the current from the measured

The driver section, or MHD generator voliage drop'across the load resistor unlessproper, shown in Figure 3 is a steel channeld dI/dt and L are also known. Siince time rates of

The walls of this test section are 0. 75 inch change of current as high as 10 amperes/sýc
thick. The top and bottom spacer bars which were observed, a load inductance of 5 x 10

hold the electrodes are of stainless steel; the henries resulted in a 50 volt inductive signal.

channei sidewalls are made of soft magnetic The voltage across the load was measured
steel. The purpose of soft steel is to reduce
the width of the gap in the magnet. With a lower by meanb d f coaxial cables which were connected
reluctance, a given power source can produce a preamplifier. The recorded signal was the
higher magnetic field in the test section. The prair the signal f as theinside walls of the channel are insulated with algebraic sum of the signals from the two ends of

the load resistor. The cables were terminated infiber reinforced phenolic strips (micarta). The their characteristic impedance to avoid reflections.
test section is fitted with copper electrodes which The outer shields were not grounded at the input
are flush with the inside walls as shown inFigu e 3 Insom ex erim nts co tin ousend. The m easurem ent was carried out in thisFigure 3. In some experiments, continuous fashion so that the load ould be floated with
electrodes the length of the generator were used. fashion so tht othenloaqld e fedith
In other experiments the electrodes were spaced. respect to ground potential. The recording

on two inch centers down the channel. The oscilloscopes were groilnded to the test section

electrodes were unheated copper, 1. 0 inch wide, at only one point, through the coaxial cable to the

but of varying lengths in the flow direction. The trigger electrode, so that ground loops were

space between the segmented electrodes is filled avoided.

with phenolic strips to maintain a smooth contour. The current through the load was measured
In addition to experiments in the 1 inch by 4 inch
channel, an MHD channel of I inch by 1 inch (in separately by an inductive pick-up technique.the direction of u x B) was -also studied. It was The basic principle is to sense the magnaetic field
the purpctios of the experi ts io sthied Itwohan- caused by the current through the load circuit.the purpose of the experiments in the two chan - In practice the time rate of change of the magneticscaling parameters. field, dB/dt is sensed as a voltage by a pick-upcoil placed near the conductor and then integrated

Readout of data has been accomplished with respect to time. For a pick-up coil of N
with Tektronix 551 dual-beam oscilloscopes turns, each with a mean area of A, at an averageequipped with Polaroid cameras. A small distance of r from the conductor, the induced

triggering electrode, situated at the explosion voltage signal is:

end of the test section, senses the u x B voltage -7
develnpe'i by the detonation products and V NAdB/dt = 2 x 107NAdl/dt . (8)
triggers the oscilloscope sweeps. Resistive r
loads are fastened across the electrode pairs on The voltage signal V is then integrated
the outside of the channel as indicated electronically in an RC netvork to produce a
schematically in Figure 1. The resistive loads signal proportional to the current. Ths system
pass through the slots milled into the outside of can be calibrated by determining the response to
the side plated (shown in Figure 3) so as to pro- a known current, or by determining the electrical
vide a minimum inductance path. characteristics of the system including: (I) the

mutual inductance between the pick-up coil and $
The cylindrical dump tank and muffler at the circuit conducting the current to be measured,

the left side of Figure 2 is evacuated by a (2) the number of turns on the coil, and (3) the
vacuum pump. T:,e exit from the test section resistance and capacitance of the integrating net-
into the tank Is sealed with a mylar diaphragm work.
which is ruptured by the pressure pulse. The
dump tank is employed strictly in order to If a toroidal pick-up coil is used, the
muffle the noise produced by the explosive charge. response is independent of the location of the
The channel can be evacuated by a separate current carrying conductor, provided that the
vacuum system, and then filled to a low pres- toroid is uniformly wound and encircles the
sure with any gas to be studied such as air, current carrying conductor. When using a
argon, helium, etc. toroidal coil the coefficient of coupling between

-i



)

the conductor in which the currerin is being dissipated in the load during the pulse, the load
measured and the pick-up coil can be expressed is heated and the resistance increases as noted,
as the ratio L/N where L is the inductance of to a value of 0. 035 ohms. From the increase in
the toroidal coil and N is the number of turns resistance, awd the known temperature coefficient
on the pick-up coil. ' The details r :' ý of resistivity, mass of the load, and the specific
coil and integrator are siown in 1 igu-. 'i. To h:.;t of the loadrmaterial, tl., energy dissipated
eliminate signals due to externally generated in the load can be calculated :-s 710 joules which
time varying magnetic fields, (when ,riewed agrees within 6% with the value calculated from
from the above toroid appears as a une-turn the electrical measurements.
coil) the toroid is wound so that the return
lead provides a back turn. This turn, *o a first To investigate the effect of load resistance
approximation, cancels out any voltage signal upon power output, the data from the shot shown
induced in the toroid by magnetic fields whose in Figure 5 is plotted together with other data
source is external to the toroid. taken in the 1 inch by 4 inch generator as Figure

7. This figure gives power outputs as a function
4. Power Generation Experiments of load for three separate gases initially in the

channel: air, argon, and helium at 10 mm HgFigure 5 is a typical oscilloscope trace of initial pressure. It is seen that the highest
the current and voltage output of the i inch by prestur w is seennthatnthe highes4inch explosive driven MHlD generator with power output was obtained using helium with a
18 inch explosive driveno e genrodesaor withis load resistance of 20 mill'_hms. The limited18 inch long continous electrodes. For this 2 data which is available, and shown in Figure 7,
experimentsuggests that the optimum load resistance for
The channel had previously been evacuated and the 1 inch by 4 inch channel is approximately 20
was filled to an initial pressure of 10 mm Hg. milliohms.
The load resistor for this case had an initial
resistance of 20. 1 milliohms and the channel To examine the variation in optimum load
was powered with two shaped charges with a resistance with generator size, the power out-
total explosive of 15 grams of RDX. Each re the wit h generator is powedcharge was seeded with 20 mg of cesium picrate, put for the 1 inch by 1 inch generator is plotted
The sweep speed of Figure 5 is 10 microseconds as a function of load resistance in Figure 8. The

e e eThe sweepspeedofFiguprer 5risemicroseconds data on which this figure is based is similar to
ther centimeter. The upe ganof00otrce, which sthe data which was shown in Figure 5 except thatthe voltage, has a gain of 200 volts/cm, while the voltage levels are somewhat lower because
the current, shown in the lower trace, is of the smaller electrode separation. Figure 8
10. 7 kA/cm. The peak current, which occurs shows that the maximum power output in the 1 inch
about 30 microseconds after the start of -he by thanne wasiachieved with a loadtrace is 30 kA. The peak voltage which occurs by 1 inch channel was achieved with a load
atracter tis30e, The. pakbvoltage5wichccunds, resistance of 5 milliohms. This data indicates
at a later time, i. e. , about 45 micrý,Lvccnds, that the optimum load for a channel should be
i 800 volts. The power output of the generator about5 millioims per square unit of channel
which -.s the product of the current and the volt- crous sectioohlsperasquae pnit ou c he
age, is s..own as a function of time in Figure 6. cross sectional area. The power output in the
The peak power in this pulse is about 23 MW smaller channel was approximately a fictor of
which continues for approximately 15 micro- two larger when argon was used as the filling
seconds after the time of peak current. The gas. However, in the larger channel thetotal pulse le~ngth is 60 microseconds. The superiority of argon and helium over air as a
value of the load resistance, as det.rmined filling gas is not clear. Having seen that aF

from the voltage divided by the current, is also preciable power outputs can be achieved, ashown in Figure 6. It can be seen that the number of experiments have been conducted to
resianc inFigurea 6.Ican be sn theats p.the investigate the effect of various parameters in
resistance increases as the load heats up. The MHD generator operation in order to optimize

the generator output. The following section dis-
culated by summing the area under tne power cusses this experimental program in some detail.
versus time curve in Figure 6, is 750 joules.
For this experiment where two chargcss were 5. Technical Studies
used to drive the channel, the chemical energy
in the 15 grams of RDX contained in the charges Inasmuch as an understanding of pulsed
is approximately 75, 000 joules. Therefore, the generators simultaneously covers several areas
overall conversion efficiency of the system, of technology, i. e. , explosives, MHD power
chemical energy to electrical energy, is generation, shock waves, ionization in explosives,
presently 1%. Higher conversion efficiencies etc. , it was necessary to conduct a rather ex-

can b. obtained by: (a) increasing the magnetic tensive program to investigate the effects of the
field, (b) increasing the utilization of the many parm-neters upon the output characteristics
explosive through appropriate changes in of the exploslve driven MHD generator. Since
geometry, and (c) increasing the channel length the power lutput of the generator depends
since the gases are still highly co~iductive when primarily upon the velocity of the working fluid,
they leave the generator, so that additional the conductivity of the working fluid, the strength
energy can be converted, of the magnetic field, and the characteristics of

the electrical load; the major emphasis was
As an independent check of the energy placed upon an investigation of these parameters

delivered to the load, calorimetric calculations and their effect upon the electrical output of the
have been performed for the load resistor used generator. A number of subsidiary studies were
with the I inch by 4 li8 ch channel. The initial conducted in support of this objective, includin--
load resistance at 20 C for the pulse shown in measurements of the pressure in the channel.
Figure 6 was C.020 ohms. As energy is studies of the effect of explosive geometry



variations, and studicq of the optimum explosive in the 1 inch by 4 inc, channel, th. explosive
composition. Certain of these studies are pre- chamber was also evacuated.
sented in the following sections:

Of considerable interest has been the ex-
Variation of Velocity with Initial Pressure planation of the variation in velocity with initial

pressure. Four theoretical models were ex-
One of the important parameters in plored in some detail to determine a possible

determining the output of the explosive driven reason for the variation in velocity with initial
MHD generator is the velocity of the conductive channel pressure. These models were:
zone, inasmuch as the output power varies
directly with velocity in the high magnetic 1. blast wave,
Reynolds number case, and as the square of the
velocity for low magnetic Reynolds numbers. In
the initial experiments with the channel at 3. the solid propellant driven
atmospheric pressure, it was determined that shock tube, and
the velocity of the conducting detonation products 4. shock wave.
was approximately 6 km/sec. However, if the
pressure initially in the flow channel was reduced, The details of these studies are contained
a higher velocity was observed. Tnerefore, a in Reference 4 where it was found that none of
systematic investigation of the variation in these models could adequately explain the ob-
velocity with initial pressure was conducted. served variation.

5
In these experiments, the velocity of The blast wave rmodel predicted that the

propagation of the conducting detonation products position of the front should vary with time as
was measured by determining the time of arrival 1/2
of the front of the conducting region at various 2 E / 3/2
stations along a I inch by I inch channel. The t = 50 - R (9)0

timing pulses were generated by discharging where E is the energy release, P the initial gas
capacitors across several of the electrode d
pairs in an auxiliary channel which was instru- density and B a constant which depends upon the

mented expressly for these measurements. specific heat ratio of the shocked gas and the

Arrival of the conducting zone at the electrode geometry of the shock wave. The atmospheric

pairs allowed the capacitor to discharge through pressure data fits this relation quite well. How-

the channel and produced a voltage pulse across ever, at lower pressures, i. e., as 0 approached

a 100 ohm resistor placed in series with the zero, the above relation does not fit te data.

capacitor. Figure 9 is an X-t diagram showing The fast jet model 6wapterdafrth
the time of arrival of the front at various stations the observed modewas patterned after thealong the channel for several values of initial fast jets observed from the collapse of cylindrical
alohchannel p s re. sliners of light metals by condensed explosives.
channel pressure. The model was discarded when it was discovered

The consistency of the velocity data obtain- that the same high velocities were obtained at low

ed on different shots is excellent, with a vari- pressure when using flat faced charges instead of

ation of only a few percent in an extended series, the cone shaped charge.

The velocity, as determined from the slope of In the solid propellant driven shock theory
the X-t curve near the origin, has an initial

no variation with initial pressure was predicted.value of about 12. 5 kin/see for an initial pressure
vuof ab1out a1. o tenThe data are obviously at variance with this theory.
of 0. 1 mm Hg of air. Some attenuation can be adi a codnl eetd
noted with distance down the channel, particularly and it was accordingly rejected.
at the higher pressures. The data suggest that,
in the region between atmospheric pressure and Considerable effort was expended in ex-
100 mm Hg, the velocity of the front increases Taining the applicability of the shock wave model.
slowly as the pressure is reduced. For initial This theory predicts that if the conductivity werepressures below 100 mm Hg, the velocity in.. due to shock heating of the air and th'" cesium
creases much more rapidly. For 10 mm Hg, the seed material, the conductivity would vary
creas sed in the majority of the experiments, markedly as the initial pressure was changed in-
pressure vel in th mits, asmuch as the shock traveled faster, e. X., the
the average velocity is 10 km/sec. with littleshcMahnmeicrsd.TehokwvWhil hihershock Mach number increased. The shock waveattenuation along the channel. While higher

theory predicts that for a cornstant driver gas
velocities could hare been achieved by pressure in the explosion chamber. the Mach
e'acuating the channel to lower initial pressures, prer ihe exploxio amer, the Mnchrs
it was difficilt to reliably attain lowt.- pressures square root of the initial pressure, as in the
after a number of shots in the apparatus because blast wave model. The shock wave model also
of deformation of the sealing surfaces and the predicted a variation in shock peak pressure with
10 mam Hg initial pressure was chosen as theprdceavritoinsckekpesuewh
operatHging tial pressure. It ashouben ne tha, initial pressure. It was found that tl'e shock waveoperating pressure. It should be noted that. model failed three experimental tests in that:
for most of the shots in the I inch by 1 inch me
channel, mylar diaphragms were used at both (a) the variation in conductivity with initial pres-

ends of the channel, and only the chanel proper sure, or veiocity, was muh smaller than

was at the low pressure. The explosive was at predicted, (b) the velocity did not vary as the

atmospheric pressure in the I inch by I inch " inverse square root of the initial pressure, and

channel. However, for most c' the experiments (c) by the use of propane, which has a specific

J



heat ratio of y = I. I 1, instead of y = 1. 4 as for rhe above model is in excellent agreement
air, it was found that the velocities and con- with the observed data when it is considered that
ductivities were independent of the specific the measured velocity is determined by the
heat ratio of the gas initially in the channel in transit time between two stations and is there-
contradiction with the models which ascribed fore an average velocity, whereas the initial
the conductivity - shock heating of the air velocity is much higher, near the detonation
initially in the channel, velocity as predicted.

Perhaps the best explanation of the ob- The important feature of this theory is
served variation of velocity with initial pres- that theie is a maximum limiting velocity as the
sure can be deriveu from a discussion of the initial gas density is reduced in agreement with
emergence of a detonation wave from the sur- the experimental data. The highest velocities
face of e condensed explosive. It can be are obtained when using an explosive with a high
shown that for the expansion of the detonation detonation velocity, D, and when expanding into
products into empty space the. velocity of the a vacuum. If ambient gases are present, i. e.,
gases, u, is givn by a relation of the form air or argon as in the experiments reported

herein, the velocity will be reduced by a factor
u = D - cx +(_-Y)c = D + 5.67 c (10) which is dependent upon both the isentropic

xyxlx properties of the explosive and the shock

where D is the detonation velocity, and c is properties of the ambient gases. However,

the velocity of sound in the explosion products because of the ionization which might occur in

after they have expanded to the point where the the ambient gas.-.s due to strong shock, there is

aeteroc thelateiexnd is a be. oInt whermost the possibility that the maximum power pro-
isentropic relation is applicable. In and duction conditions will occur at some optimumcases cx is approximately 1 kmn/eec, and pesr hr h rdc smxmzd

i, = 1. 3x3so that for RDX at a density of 1. 7 pressure where the product u is maximized,
gm/cm, 3, where D is approximately 8 kin/see, and not at the highest particle velocity u,gm/cmmaxwherevDlisiapproximately8bkm/sec. 5which would occur if the charge were exploded
the maximum velocity should be about 1 3. 5 in vacuo.

km/sec for one dimensional expansion into

empty space, which is in reasonable agreement Seeding Studies
with the value of 12. 7 km/sec which was
observed. In the •ariy experiments it was quickly

noted that seeding of the explosive with a lowFor ompeteesswe wl' onsdertheionization potential material was required in
case where the explosive is expanding into air orderto pode apprial a s ofqpower,

and shck wve s fomedahea oftheorder to produce appreciable a-mounts of power,and a shock wave is formed ahead of the
i. e. , obtain high electrical condutivity. In adetonation product.. We will let the pressure typical set of experiments in the I inch by 1 inch

in the air shock be equal to p.tp channel jith a magnetic fiepd strength cfin the detonation products wi;ll be reduced to this 1. 5 w/m- and with the channel initially at

value by expansion. We will assume that for the 1. 5%/hnxic pre annee 7. 5g
strong shock in air, Y 1 so the velocity of the at-iosphetic pressure, an unseeded 7. 5 grn
strongushockvin air, stvcharge gave an open circuit voltage of 13. volts.

The gene istor had an approximate internal
.1 /2 resistance c; 150 ohms as determined from ihe

0 (11) voltage-current. piot. The maximum power
deliverc to the load was about 28 watts. When

where o 'a the initial air density. The velocity i identical 7. 5 gm charge was seeded on the
u shoerlfbe, equal to te vp'ocity o, the explosion surface with 0. 2 gins of cesium cartonate, the

prod. t in the rarefaction wave, as given above, open circuit voltage rose to 23U volts, the

but mcdi"ie. by the fatat ,hat the velocity of internal impedance dropped to 0. 5 ohms, and the

sound in #he explnsiý,i products is also reduced. power to the load increased to 74 kW. These
Equating v l.lcity at the interface between data indicate that the internal impedance de-
the explosion products and the thin layer of cre-sed by a factor of 300, i.e. , the conductivityshocked air we obtain increased by a similar factor. Experiments

were then conducted with an active seed material,
V -_ i.e. , one that liberates energy. Cesium

~ D - -c +2 c1 (-) picrate was selected as the most satisfactorycxD - c + c 1
x PxL fro.-n many consideration. With 0.2 gins of

cesium picrate seed on the surface of the 7. 5
For a typical explosive, 0 , is apprc:.i- -in charges and identical channel conditions,

mnately 4000 atmospher s. In a at atmospheric in)ther factor of five was obtained in power

density, P 1. 3 x 10" gm/cm . Substituting sput over the value obtained with cesium
the@se vaues we can solve Equation (12) by nu- corbonate. Figire 10 shows the results of a set
tesical methods to find that the pressure in the of -.,periments undertakien to show cI- irly the

air wave, p, is approximately 1/10 of p or effe.- of using cesium picrate seed !nattrial.
400 atmospheres, and the part:cls ,' ' is Igure Iv is a voltage-current plot of data
approximately the detonation ve't taken .znder identical con.ditions using seeded

and unaseded charges. The seed -was 200 -ng



of cesium picrate placed on the inside surfacc Conductivrity Measurements
of the cone of the charge. The data is of
significance in that each poia: corresponding Because the electrical conductivity ca is a
to a common load resistance was taken without sensitive function of the temperature of the electrons
disconnecting the load and in immediate time in the conducting gases, informatiun regarding the
sequence. The difference in internal impedance variation of conductivity with initial channel gas
between these two series of experiments was density should help explain the mechanisms
approximately a factor of 70. Note that the data reaponsible for the conductivity. Also, the con-
of Figure 10 are plotted in semilog fashion be- ductivity data, per se, is important for the power
cause of the wide range of currents covered. generation experiments since, it determine., the
These results clearly establish the desirability magnetic Reynolds number, RM, foi a fixed
of seeding the explosive with low ionization velocity. The power output characteristic is a
potential materials. function of R M as has been previously outlined.

The conductivity is also one of the most difficult
To determine ie optinrum seed level for parameters to measure.

charges used to drive the I inch by 4 inch chan-
nel, a series of experiments were conducted In the power generation experiments it was
where the channel was evacuated and then filled possi!zle to make a determination of the plasma
with 10 mm Hg of argon. Different amounts of current the internal voltage arop, and the size of
seed were used for each shot. The results of tle- conductive slug from which the conductivity
these experiments are shown in Table I which can be determined. Thean, experiments were con-
lists the peak current through a 20 milliohm ducted in the I inch by I inci, ..Lnnel wi2h an
ioad resistor ar a function of the mass of initial pressure of either 10 or 760 mm Hg of air,
cesium picrate used on each of two explosive in the channel. The magnetic field was 1. 7 w/m-,
charges. Also given in Table I are the peak and the standard explosive charge with 200 mg of
voltages (which may not occur simultaneously cesium nicrate was used as a driver. In the
with the peal. current) and the length of the majority of the experimental shots the electrode
pulse, as dete,'mined by the time to the sharp length was 2.0 inches.
cut off in the voltage trace. It can be seen that
the peak current, and hence highest power out- Figure I I is a typical osc-loscope trace
put, occurs for the 200 rng see.ding case (e.g., showing the current and voltage across a 9.45
200 mg seed on each of two driving charges). milliohm load resistor. The sweep speed is 2
The pulse is lengthened as the amount of seed microseconds per centimeter, the voltage gain
is increased. It should be noted thar consid- is 30 volts per cm (upper trace), while the gain
erable power can be drawn even if no cesium for the current (lower trace) is IJ70 amperes/cm.
picrate is used, i.e. , the argon is shock The peak current, shcv1 in the lower trace, is
ionized and acts as the conductor. This is 3S00 amperes, which would indicate a power
similar to earlier experirr.ents where MlD g )eration level of approximately 1! 5 kW at the
power was drawn from the shock waves, i.e , time of peak current. The power pulse lasts for
the wprk of Nagamal. _ in air, and Pain and about 6 microseconds, then falls off rapidly, -. ith
Smy in argon. In the present experiments, it a dl/dt of about 10 amperes/sec. Daring the time
should be noted that the maximum power is the current is falling the voltage trace goes
generated when both argon and cesiurrm picrate negative showing the induLtive effect to be much
are used. larger than the ohrric- voltage drop. From the

Table I measured dl/dt and the measured voltage drops,
it is estimated that che inductance of the external

Effect of Seed Level on O.tput in the load is 0. 07 psh. rhus, despite efforts to main-
1 Inch by 4 Inch Generator tain the load indactance as low as possible, the

Peal Peak Pulse current is inductance limited over part of the
range of the experiment In this case the con-

Seed Current, Voltige, Length ductance of the plasma column can be determined
kA volts •sec from the data taken at the pea' current when

1 17.7 380 45 dlfdt 7 0, so that the internal volta-;e drop can ',
deterrminea from the rejation

24. 1 550 44

l O "'b.8 t60 49 IR ,Bd - IR .

200 28. 0 710 47 1 te peak current and voltage data ir,,a' a

300 -.6.8 ,,u 4Q large number of shots similar to the one sl.own
in Figure I., hut with different load resistors,

400 27.8 680 'o are plotted in Figure 12. Also shown in Figure

___ are a limited number of data points for shots
w'ere the initial channei pressure was atmos-
heric. 'he solid linei through 'he points

In summary the -hoice -h. cptirnmum re~r tent the generator voltage-current
seed system is rather complex x-i ill d4 - charaý..-stic, ur load line, f.r the t-o initial
pend upon many factors. In particular it pressures. .hm generator internal re!istance or
.ppears as taough. onc -,,e C'nductivity ir high co-.Juctance " ieterrrinsd by the sope fthe
enough so that the magne.'c Rr-mnolds nw..r "ltaqge-currer.: --- 7-1cteristic turve. If the
.- o-r.aches unity, the output becomnes indepe!efent 2:mensicns of the cu,•i:-- tarrying channel are.
of the condu :.vtii, and other factors such as the e•.own, and a wforn' ele, tri fie• cac. e
efte-.- cfP- teedinR aystem on the detona.ion asRum.ed, the conrductivity can '-. calculated •4•o.
product velocity become tni. :ta.;- in controlling the conductance.



The similarity in slope between the two reason for the non-linearity is not known. The

characteristics, i. e. , 0. 109 ohms for the present evidence supports the view that the non-
atmospheric pressunre -urve, and 0.0717 ohmb linear characteristic is due to both internal
for the 10 mm Hg curve, indicates that the joule heating 11 and due to an increase in the
conductivity is pr.ýctically independent of the axial dimension of the conductive slug.
initial channel presure and hence is indepen-
dent oi" the Mach number. In summary, it may be stated that very

high conductivities are observe-4 n the seeded
From a similar series of experiments detonation products and the conductivity exists

using 1/2 inch diameter round electrodes it was for times sufficiently long that an appreciable
determined that the internal resistance of the fraction of the kinetic energy of the detonation
generator was 0.08 ohms, or only a factor of I . I products can be converted to electrical energy.
higher than for the I inch b- 2 inch electrodes.
Since the electrode area differs by a factor of Variation in Output with Load Resistance
10, it is assumed that the small difference in
internal resistance results because the area Important information car, be gained by
occupied by the highly ccnducting detonation examining the output of the explosive driven MHD
products is small compared to the size of the generator as the load is changed from open circuit
large electrodes. This view is supported by an conditions, to short circuit. In the normal MHD
examination of pulse length versus electrode generator theory, the open circuit voltage is given
length. The velocity of the gas ir roughly by the relation
10 km/sec or 1 cm/microsecond. Therefore, uBd, (14)
the - nsit time for a 2 in.h electrode would be o
5 psec. It can be seen in Figure 12 that the where u is the gas velocity, B is the magnetic
current maximum occurs at about 6 micro- field strength, and d is the separatio:n between
seconds, which would indicate that the con- electrodes. If the electrodes are connected to an
ductive slug is of the order of I cm lonv. external load so that currents can be drawn

through the generator, then the voltage across the
Data on pulae length was also taken using load will be given by

electrodes of the following lengths: 2.0 inches,
1.0 inch, and 0. 5 inch. Extrapolating this data V =V - IRi = IRL (15)
to zero electrode length gave a pulse length of 0 L
1. 5 microseconds which would correspond to where I is the current through the generator, R.
a thickness of 1. 5 cm for the conductive slug is the internal impedance of the generator and
in good agreement with the above. Under the R L is the load impedance. In the more general
assumption that the conductive material case, which must be considered here because of
tuniforrnly fills a 1. 5 cm length of the flow the short pulse length, inductive effects must be
channel, and that the electrode length is long included. Under these conditions we have
compared .o the thickness of the slug so that
electrode fringing factors need not be con- V IR d - IRV - d-(L
sidered, the conductivity of the channel is L * L CFt o 1 -

1000 mhos/meter. If an allowance is made dL.
for the 40 volt electrode drops which are in- V- I R I - L
dicated by probe measurements, the con- o 1 . i (b
,uctivity of the seeded detonation products is where L and L. are the inductances of the load
1100 mho/meter. This conductivity, in a . iIt ,.
direction perpendicular to a strong maneic and the interna, inductance of the generator,

sgnetic respectively. By variation of R and L. the
field would correspond tc a plasma tempera external parameters most readib- a-ail•bl1 for
ture of 9000°K, using the Spitzer relateon I hange, and by measuring I and V, it is possiole

7.• 3 - to estimate R. and L., if it can be assumed that
- r ' n' hoc n 0" i ornstant over te change in parameters.

From i iiure 9 it is seen that u is not constant
where it is assumed that the product o! the along the chinnel and, furthermore, as will .be
ionic charge, 7, times the logarithm of the noted later, it i' possible to slo- the gases do-.v•.
Deý-yc cut-off parimeter, , has the by approxima•t•v 10 -y the extraction of energy
numprical value of t. rhe reason for the high with low values for the load resistance. Ho•e.er,
apparent temperature is not known. However, as a first approximation it will bv aesumea that
it may be implied that nmc-st of the cesium is V is constant. If the measurements are ma;e at
ionized. th1 peaxk current, then d- :dt z 0 and this relation

simplifies to
In the power g•n_-ration experimer!s. the dL

ionized detonatian prod-acts are conductive at V z IR V I R
least for tir.,e up to ,'n microseconds. How- L m n' = m V -

ever, as a-ill te discussed in the follo,.-ing
section the voltage-,-rrent relation is very non- where I .it the p-ak current.
linear w-'en long electrodes are used, wheres.
for the experiment with short electrodes re- RY pl. -. nq V as a function of I . then one
ported in this sec' on, the voltage-current can ev-a4u,&te R. and dL dt. assu,,innthe R. does
characteristic c, .;e if reasonably linear. The not vary w-At,• .- ie curre'nt level. Figure 1 3 is a

I



%utag, -current plot of the V and I data taken The lower value for V is consistent with a

in the I inch by I inch test section, using the decrease ii: velocity .vhich was observed when the
16-inch long continuous el,ýctrod , and with the initial pressure of argon is increased, and

channel initially filled with 10 mm 1Hg of air. represents the clifference in mass of the comparable
The first thing which is evident is th,, the volumes of air or argon which are swept up by the
voltage current relation is non-linear. The detonation product front moving down the channel,
initial slope, at low currents, corresponds to The reasons for the change in R. and 0 are m-ore

an internal resistance R. of 70 milliohms, subtle. Measurements were malde of the
which is in agreement with the short electrode characteristics of the generator for experiments
data shown in Figure 12. As the current level where the channel was maintained at 10 mm Hg
increases the curve flattens out, with internal of argon, but no seed was used in the explosive
resistance approaching 5 milliohms in the charge. In one experiment where a 6 milliohm
range between 10 and 20 k.'.. Because of the load resistor was used, a current of 9.2 kA was
wide range of i irrents which are covered in measured, as compared to the 20 kA current
these experiments, it is better to plot the data sho-wn in Figure 15. rhis experiment implies
on semilog paper as is shown in Figure 14. In that the argon is ionized by the explosive :-'-ock
this plot, lines of on-'ant resistance have a and is capable of achieving high levels of cc
characteristic shape but they are noi straight ductivity, of the order ;f 700 to 1000 mho/, ., ter,
as in the linear plot. One thing which becomes which is comparable to the conductivity of the
more readily apparent in this plot is the value detonation products. This, there -an be two
of the short circuited current which is possible paths for the generator current, i.e.
estimated as 25 kA. Also shown on Figure 14 through the ionized cesium in the detonation
are dotted lines which show the expected products and through the ionized argon. rhe in-
variation in V with I assuming a constant crease in current when using both cesium seed
internal impedance R., and dL/dt = 0 with V and argon accounts for the increase in output
assumed equal to 340 volts. It can be seen power shown in Figure 8.
that the apparent internal impedance decreases
with increasing current. Making the additional Variation in Output with Magnetic Field
assumption that R. is equal to 70 miliiohms, as
is indicated by the low current data, it is then rhe output voltage of an MHD generator ,s
possible to quite accurately fit the data with the a function of the applied magnetic field, i. e.,
relation

V = 340- 0.071 + 8 x 10 I , (18) V = uBd - IR - dt(LI). (20)
m m

Therefore, if we make a measurement of the open

where I is in amperes and V is in volts, circuit voltage, where I = 0 we can examine the
Presummably the last term in the above equition effect of the magnetic field upon the output of the
represents such factors as the time changi-'g generator by comparing th2 data to the relation
inductance terms, which could include magnetic
bootstrapping effects, and non- linear con- V uBd, (2)
ductivity whic" appears simil.ir to the transition where u, B and o are measured separately and in-
to an arc mode whi,-h would have a nevative dependently.
resistance characteristic.

Also drawn as _iashed lines on Figure 14 Figure it, is a plot of the open circuit volt-
age of the 1 inch by I inch generator when it is

are lines showing. constant power output. hrht prtd~ihtecanliiilya topei
peak power in these experiments with the optratedý,ith the channel initially at atmosphcri

pressure as a function of the applied magnetic
a inch by i inch ,ahannel using air at M 0 m: .W field. Equation (21) fits the data very well. rhe
as the filling gas was about I. .effective velocity u As derived from the slope of

Figure l6, is . 7 km/ sec, whereas the measured
he data for the argon experiments aretv the pr )pagation of the front of the

showt, in Figure 5. rhe details of theseexperiments were identical to those reported conductive region is 6. 01 km.:sec. One possible
.oeexperiments tere idenichalnto tose repted d eplanation for this descrepancy i; thAt the

except that the channel was evacuatedi and velocity of the gas behind a sho'-k ii. equal to the

then filled to- a pressure of '0 mm Hg with shock velocity minus the velocity of sour 1 i the
arg-on. rhe results of the two expe.-i-ents are shocked gases or detonation productsour!. I- .

similar except that the peak current is about a
fa:tor of two higher for the argon experiment. Ma- c (221
rhCe peak power in the argon runs was about I MW. X

As "efore, it "S possible to fit the data with a wheer. M N5 the .ia,-h num'er. a the speed ol sound
seriei expansion in the uýzrrent variable of the in air, or the Kas z - which the a.ock is propagat-nrg.,
follcwng forr.m: and - ,the velocitv of sound in the detonationax

proucts. Fhis data w ould suges;et that c is
V n V 4R I ZgI'- 312- O.0 ,1i * I x 4 ( 1 I. kn-sec.

hrel'eis the gec,:.d coefficient of the expansion. The data from the po•wer gee-ration and con-
Comparison with the data for air Rhoms that V dut;;it: experiments which -cre conducted at"l: only slihtl .,,--r than for ar. whereas R-° ,-er press,.res do nY. agree as weU! with

with argon is a factor of ", l3,wer. ami . a Eq-aatons (21 and (22). For "-ample, the data
factor of 25 lou-er. expressed !-v Equation I A) aives ine measured



eftecti o product uBd of 340 volts. For an conductor and B the magnitude of the applied field
e!ectrc,de separation of 2. 4 cm, and a through which it moves. Neglecting displacement
magn,!tic field of 1. 7 w/m , the effective currents the Kirchhoff equation for the circuital
velocity is u - 7.9 km/sec, whereas the current I is
measuree velocity is 10. 3 km/sec, The limited
open circuit voltage data taken with the I inch d
by 4 nich generator indicate the same sort of TF-(LI) + RI uBds(t) (23)
discrepancy. The data suggest that the output where d is the interelectrode spacing and s(t) is a
voltage is a constadt fraction of about 0.8 of
the uBd product. On this basis it is indicated unit step function in time taking t = 0 as the time
that the prodblt. is rth du i to electrodiae dr , the plasma conductor first bridges the electrodes.that the problem is not due to electrode drop,

or sheaths, etc., wkich would fend to be a In general, u,B,L, and R are time dependent.
smaller fraction of the open circuit output in The parameters L and R depend explicitly on the
the larger generator, but is due to .ome other position of the loz'd. For simplicity in the present

analysis let the resistance be considered essentially
constant, R° say.

One possible explanation is that the effect
is due to circulatint :urrents which arise If now tho inductance is expanded in a power
brcause of the axial velocity distribution of the series of a suitable expansicn parameter, a, the
detonation prouucts. The back and the front of current can be similarly expanded:
the conductive slug, which move at different
velocities, are connected by the electrodes L~t,x) -- L +
which provide an axial path for the circulating and (
currents.
cudle mnSueI(t,x) = 1(st) + aO1(t,x) + .... (25)
L,•;d Placement Studies

where x is the position of the load cornections
During the course of the experimentalhe eectrodes. Sub-

program it was discovered that under some con- stituting into (23) yieldo the following equations for

ditions the output of the generator depended upon I and In

the physical location of the load. If the load o
",as connected at the dow.istream end of the long dl
electrodes, currents flowing through the L -0 + RoI = uBds(t) (26)
electrodes changed the magnetic field in front 0

of the conductive slug by "magnetic boot- dl
strapping." For the I inc_ hy I inch generator 1 + l .L
fecdia a .. 3 milliohm load the cu',rent was in- L + = -1d 0 (27)
creased by a faj.tor of two, from 6. 85 kA to
I S. 0 kA, when the load resistor was moved P is to be noted that the right hand side of Equation
from the upstream end of the electrode to t' (27) for II contains a source term proportional to
downstream location. To explain this effect I ane is positive when the inductance de'creases
the fcllowing theory, which vlews the with time. This term accounts for the voltage
generator in terms of lumped electrical induced in the plasma conductor as it moves
parameters, was developed, through the magnetic field arising from the

current I•

Inasmuch as the generator e1.ctrodes are o

extended and may therefore contribute appreci- If it is assumed that u and B are substantially
ably to the impedance of the generatos-load constant, the solution of (26) is simply
circuit, the question arises as to the most
favora'tle position for the local connection of the Is(t) =-uBd -e-t/l"),0 t-t /u (28)
load. As the plasma conductor moves from one o -R(
end of the electrodes to the other, the inductance w

and resistance of the circuit mea; vary appreci- is the length ofte troes.

ably in time. Clearly the functional character is the length of the electrodes.

of the variations depends on whether the load The solution of (27) is, after partial
is connected to the upstream end of the electrodes, integration,
to the downstream end, or perhaps to some
intermediate point. L

Some insight into this question of load t

position is readily derived from the following
simliified lumped-parameter description of the -t/" -t/1. Ll(t' x)
circuit. Let L and R be the total inductance + e J 0------o(t) dt. (29)
and resistance of the circuit consiting of the 0 0
moving plasma conductor, electrodes, leads, Given the functional dependence of L on time and
and load. Let u be the speed of the planma the position of the load connections the current

can be determined.

: .=



The average power delivered to a load model, the theorem would require that a capacitor
resistance RL is evidently on the order of

I/o 4L

P- U x) R~ dt. (30) C - (36)P R°
0

should parallel a load resistance equal to the

An extreme in the average power occurs when the :nternal resistance of the generator.

load is positioned at x as given by 6P/6x z 0, or
In conclusion, it is perhaps noteworthy that

u - tEquation (23) admits an integrating factorr I~t~x) ?5I(t, X)(3)R
I(t expI dt which leads readily to the general

0 solution

As a particularly simple example of the (R dttd-Sr dt t e- dt
effect of varying the position of the load, con- d ".J et"
sider the limiting case for which the current I(t) e uBe dt, 0 A t&L/u.(3 7)

rise time is long compared with the transit 0

time of the plasma conductor along theelectrodes. Accnrding to (25), (27), and (28) The above solution for the current by successive
ctrde sapproximations is practically useful only if the

thenL(t, x) time-variant contribution by the electrodes to the

I(t,x) -zI (t) - f o(t) , T>L/u. (32) total inductance is relatively small. Solution (37)
0 is, of course, not restricted by this condition and

may be useful for more detailed analytical investi-
Substitution of the current given by (32) into gations. It should be appreciated that in reality
condition (31) yields R, B, and u as well as L will be time varying. If

these parameters can be experimentally determined,
2/u a Ll(x-ut) numerical methods can be used to determine the

1 -- dt 0, (33) optimum position of the load.
0

Probe Studies

when terms to first order in a are retained in
P. It is assumed that L1 is a function of the When using a long, continuous electrode in

distance between the plalma conductor and the the explosive driven MHD channel, it is difficult

load connections. For definiteness consider a to determine the position and hence the velocity
primitive hilinear function, namely of the conduc'.ng front. To determine this in-

formation and to estimate the length of the con-
ductir.g region, a series of four probes was in-

jx utj
L l (x-ut) + Lo (34) stalled in the upper electrode. The four probes

were copper wires 1. S mm in diameter, installed
According to (33) then the condition for a maxi- in holes drilled through the four electrode mount-
raum in load power occurs when the load con- ing studs. The probes were insulated from the
nections are at a distance x from the upstream electrode structure and were flush with the sur-
end of the electrodes as given by face of the electrode in contact with the gas

stream. They were mounted at distances of 4. 5,
14.6, 24.7, and 40.0 cm respectively irom the

x/u /u trigger electrode. For these experiments, which

1(2 (t C 2 ()dt. (3) were conducted in the 1 inch by 1 inch channel,
f d f 0  the magnetic field was 1.7 w/m 2 and the initial
0 x/u pressure was 10 mm Hg of either air or argon.

Thus, it is found that in the case for which Figure 17 is a composite drawing which shows
T= L /R >>I/u the load connections should be the four probe traces plotted with their origins
made at p 8 int along the electrod!es on either at the appropriate distance along the channel in
side of which the areas under Po(t) are equal. the form of an X-t diagram. It can be seen that

the detonation products propagate in air with a
In nddition to consi."ration of load posi- sharply defined front. It is also apparent that

tion there is the question of the load impedance the slug of detonation products has a structure
for maximum power transfer. The usual that expands as it flows down the channel and
statement of the power-transfer theorem is that would cause a distribution in velocities along the
the load impedance should be the complex conducting slug. There it a sharp spike in the
conjugate of the generator impedance; that is, a traces for the third and fourth probes at about
negative inductance should be inserted in series 46 microseconds, apparently caused when the
with the load. Crudely applied to the present rear of the conducting slug leaves the electrode.

./* ~ 4.t~'il$...,
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View of complete facility

Figure



1. Shaped charge
2. 18" x 1" electrode
3. Bakelite sidewalls liner

4. Generator load
5. Slot for exterior surface of sidewall for

resistive load

6. Standoff spacer

7. Explosion chamber

Figure

Dissembled view of 1" x 4' explosive driven MHD channel
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Oscilloscope trace showing voltage and

current output of 1'' x 4' explosive driven
MIHD generator. Sweep speed 10 micro-
seconds/cm. Upper trace is output voltage
at 200 volts/cm, lower trace is current at

10, 700 amperes/cm. For this 2xperiment

the magnetic field was 2. 2 w/m and the

channel was filled with 10 mm Hg of helium.
The initial value of the load resistance was
0. 0201 ohms.
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Peak power = 23 MW

Peak current = 30 karnp

25 Peak voltage = 800 volts

Total electrical energy
delivered to the load
750 joules
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Electrode length = 18 inches

01
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time (.i. sec)

The electrical power excursion delivered to the load as a function of tiwe
from initial pickup for the I x 4 inch channel. The gas in the charnel was
helium at an initial pressure of 10 mm Hg, Also shown is the charge in.
the load resistance as a function of time due to the heating of the load.
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Figure

Typical escilloscope trace from explosive driven MHD
generator. Upper trace is the voltage across 0.00945
ohm resistor, at 50 volts/cm gain. Lower trace is cur-
rent through load, gain is 1070 amperes/cm. Initial
pressure is 10 mm Hg, magnetic field 17 KG, and sweep
speed Z,4 sec/cm.
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Figure 1ý
Voltage-Current characteristic of explosive
driven MHD generator for conductivity
dete rmination.
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Figure 15

output voltage at peak current for the 1 inch x I inch channel at 10 mm
Hg,. argon.
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Figrp e 16. Open circuit voltage versus &ppled field.
From this plot •gJk. S velocity
of 4.7 W4/seca be detersined.
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